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еме pur сет сі tbi» paper is to Invzsriprte tio 2 ich int 
of the rurujet to soplaco tee tirst stop Y Wut с паре 
rocket, w.t9 the дере Of increasiós tie cxficienco ¿wŠ A r Iorenaace 
nf verlica! asccat missiles of il.e present dey. Vie ramyet is Con 
silereu as a booster motor to voost the primary missile taroupl 


tue atmosphere. itis tc be discarded from tre primery missie 
after reaching its maximurn veiccity. го boost the ramjet to oper- 
ating speec tie second staye Focrei must be operates lor tue ۴ 
few seconds as 4 ducted rocket. 

General ramjet pertorimance is calculated granhicall, wy 
using a step-by-step integration process te solve the differential 
equation of notion, ihe resuiting tligit velocity, fuci consumetion 
per initia! weight, and altitude are sresented grapkicaliy ir бегале 
1 | f 

of tirne after launching the ramjet. It is assumed thrcoujhout ce 
probiern thet gravity is couutant and tiat the altitude necessary to 
Start the ramjet is negligivie. ihe acceéleraticn o: te inissil> is 
ited to 25 g's. 

Important results present in taxis paper are: lhe пові іт 
portant factor that limits the performance of the ra.ajet is te eir 
density ratio. “he greatest increase in secoud-step launching 
۱۱61612016 ر‎ oy irapreved tarust and drag cuciiiciviuts una increased 


jet cross-sectio. Erea, is zenievee el (04 ramet launching 


The performance Of the canoe. сізбік offer tt 
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۳ . [b= / Sec 
ie Juel consi ptionas JT TES Gerast 5 teen < (arka A $n- 


creas; of efficiency over € mielil acing a higher 1ue! combsireptiva 
Weide. '"i5siies aeing & lower specific cael coasucotio- veluc, 

۱ sw" orius ss the incr@ased viiue, sho aoe iiyicte improve- 
“Went in etficiency,. When scamyet oeriorowned te conmoarcs ts 
rocket performance; specifically, saskhoag: 1061, , ا‎ 41 hi 
inaximusn speed and altitude attained, ta: re spot niissius Mill сага 
ony One third of the fuel required by a two-step rochet. © converse- 
y, for the same fuel consumed, the ramjet missile wl (гіп 


o more altitude than the two-step rocked. 
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crosr-uéctint9 arsa Of the Mmussiie 
exheust velocit, of a rocket 
coefficiel.t of drag 
coefficient of thrust 


specific fuel consumption 





drag of missile 

thrust of rnissile 

acceleration of gravity 

altitude 

any constant 

initial mass of rocket 

final mass of rocket 

mass of rocket propellant T5 
time of flight 


burning time of a rocket or time for ramjet to reach 
inaximmum velocity 





ilight velocity of the missile 
maximurn fligit velocity or the rnissiie 
instantaneous vsijhi of the ınissile 


sweight uf Lowater lue Тог ramjet missile 





weight of rarnjet missile fue: 


weight of reas jit wissile structure 


LA 
parameter defined by initial conditions, у рь W, 


= tutai fuel consumption per pound of missile initial weight 
up to time t. 


























ET APAIA = Cont'd) 


ж 
(c Secelerstion Of the missile 


= initial weight ner square isot of missile cross-sectionai 
area 


ап incremen 
density os standard nic 
le. ‚ density ratio of standard atrosrhore 


loading factor of & rocket, MZ Mo 


weight of second sto» n issile 


d 


payloac ratio = tia weight Uf fissile at gaa level 


timum altitude = the altitude at which the light velocity cf the 
missile is a maximum 


zero subscript = initial condition 
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TI VERTE AL -ASUCRNT 


І. INTRCDUCIICN 


This paper is an investigation of tae applicability of thc 




















ramjet to replace the first step of a two-step ог multi-step rocket, 
with the Lope of increasing the efficiency and performance of the 
verticul ascending missiles of the present day. 

Jince tae ramjet is an air breathing engine, it seems only 
natural that it would operate more efficiently frorn tke standpoint 
oi fuel consumptioa and payload ratio, than a primary-step rocket 
which is forced to carry its own oxygen through the range of alti- 
tudes within the atmosphere. 

The ramjet is considered as a booster rotor to boost the 
primary missile through the atmosphere, 2r it may be used as an 
۷ tenospheric-sten'" of a multi-step rocket operuztion. It is to be 
discarded after reaching its maximum velocity so that the second 
stage may use this ramjet velocity as an initial velocity. The 
primary missile, cr the second stege, us the case may be, can 
tica bs Wwunched at high altitude with a high initial velocity and a 
gubetentia! fuel saving. To boost the ra: :jet to operating speed 
the second step rocket must be cperated for the first few seconds 
as & ducted rocket. 


A preliminary study entitled "Application of the Ramjet to 





г. 
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High Altitude Sounding Vehicles" was made ру L. 7i. :chindel in 
his the sis written at M.I.i. in 1948. This paper, also suggestza 
Ьу Юг. Н. 5. Tsien, is an analytic study of the ramjet in verticei 
ascent but rather limited to the specific ramjet with which to 
boost a V-2 rocket. The results obtained by Schinde: indicate 
that only one third as much fuel is necessary for the ramjet 
rocket combination as compared to' the two-step rocket. The 

I ramjet rocket therefore allows the second-step rocket to carry 
larger payioads or attain higher altitudes. “chiadel's paper ap- 
pears as ef. 1. 

The method of obtaining general ramjet performance in 
this paper is to express the differential equation of vertical rnotion 
in terms of ramjet coefficients of thrust, drag, and specific fuei 
consumption based on the maximum cross-sectional area of the 
ramjet. These coefficients together with initial conditions are 
grouped into two parameters which are mide to vary well beyond 
the present day range oí fuels and materials. In obtaining the 
continuously varying velocities, accelerations, and fuel consump- 
tion rates over the vertical flight path, a step-by-step integration 
process was used. Calculations were made using tirne intervals 
of one second and prescribing the initial velocity. Only vertical 
flight is considered and this is justified since the problem is cal- 


culated entirely within the powered flight trajectory. Throughout 




























the prcolern gravity is assumed constant, the atitude necessary 
to sto +t the racijet is neglected, acceier:ticons of the ramjet 
missile are limited to 25 g's, cad the tivne rate vu. fuel consumption 
of the ramjet is assum:d proportiona! to the aet thrust and in- 
versely proportiona: to the flight velocity. The ramjet is also 
assumed to be capable of burning fuel in the rarefied atrnosphere. 
The resulting Night ve ocity, fuel consumption per initial 
weight, and altitude presented graphically in terms oi time after 
launching the ramjet show several important results: The most 
important factor that limits the »erformance of the ramjet is the 
air density ratio. The greatest increase in second-step launcn- 
ing altitude, by improved thrust and drag covfficient: and in- 
creased ramjet cross-sectional area, is acnicved at iow PIE 
launching velocities rather than at high launching velocities. 

she performance cf the ramjet missile cperating at a specific 

| lbs/sec 

fuel consuinption of .0007 Ths thrust Shows a mirked increase 
of efficiency over a missile using a higher fue! consumption value. 
۱18611۵6 using a lower specific fuel consum;tion value, of the 
same order as the increased value, show acgligicle improvement 
efficiency. When the ramjet missile is compared to а twa- 


step rocket in jection it is compared on the basis of equal 
ч 


Ї ve 


е 
1 


irst step-rocket and the ramjetestep. che foc! used ia tne 

















4. 


ation necessary to boost tae ramjet is charged 


۳ ч - . ` ` .. 
lê réicjet in coivpariag fuel consunipticn cf tLe two mis- 


It is found, аз a result, that the ramjet missile will bura 
y one third of the fuel required by the two-step rocket and, 
refore, the ramjet missile will have a payload ratio of three 
times that of tie two-step rocket. Onversely, for the same fuel 


samed, the ramjet missile will attain 65%6 more altitude 


n the two-step rocket. 
































e GENOA NL METHOD O5 RSS5I77'7T рен РЕ НМ КИСЕ 

Newton's Tirst Law of Motion is the fundamental equation 
"used to develop the general equation of ramjet performance. 

This equation of motion is applied to the vertical direction only and 
the sum of the vertical forces presant is equated to the product 
of the instarntanecus mass and the acceleration in differentiai form. 
The forces cf thrust and drag ere changed to coefficient form since 
the forces are functions of flight velocity. The ratio of flight vel- 
ocity to initial velocity and the ratio of air density to initia! air 
density are then created and the initial functions grouped together 
“Хо form the non-dimensional! parameter € = 2 ү: ү." a which may 
also be described as the initial force per pound of weight needed to 
accelerate the missile. 

The instantaneous weight is changed into the sum of the 


structural and payload weight and the weight of ramjet fuel. The 


» 


Е 


weight of the ramjet fuel is, of course, decreased by the fuel flow 
which is equal to the specific fuel consumption times the thrust. 


. The ratio of instantaneous weight to initia! weight then becomes 


{otal r uel Consumption _ TEE 
Р Initial Weight es 


Ahere the total fuel consumption per pound of initial weight is ex- 
t 2 
pressed as E t 
o 


he time rate cf fuel consumption of the rarnjet is, however, 





m S эг. V VM = Ыы ۳ m 


6 ° 
assuraed proportiona! to the net thrust and inverseiy proportional 
to the ilignt veiocity. fhe thrust coefficient is also considered a 


mean value that is constant for a given flight. This leads toa 


Cf, Ce 
CF -Cp ” 





group of terms considered as the second parameter, 





1 
which has the dimensions of Бос due to the initiai specific fuel 


consumption. The general equation of rämjet performance then 


becomes a 
Civ 
3 4 = е(се-% НЕНІ ле = 
=~ @(СЕ-Сь) IN 
i (е Es زر‎ 


which may also be described as 


Unit tline E TEC. 7 


initial force (5) 
ihe change of iigut velocity — | w Ги Б 
Wo 


with this formula ramjet performance is calculated as described 


in section ill of this paper. 


^. Аашуйсаг Development 


Ihe equation oí motion in the vertical direction is: 


w dv 
ром = $ ac 


where « = net thrust of the missile 


D 


drag oí tie missile 


W = instantaneous weight of the missile 








Т. 


g = gravity constant, 32.2 teet per second squared 


3 
dv | : Š : 
ж 7 rate of change of velocity with time, acceleration, 


fest per second squared 






Dividing by instantaneous weight, the following is obtained: 


ED -| = + dv ! 
Ww 4 а (2) 
The thrust and drag are now put into coefficient form based on the 


rnaximum cross-sectional area of the missile 


F: Ce 2 АУ” Ф= Ср [72 АУ“ (3) 


where C, = thrust coefficient, non-dimensional 
Cy = drag coefficient, non-dimensional 
a = density of air in slugs per cubic foot 


A = maximum cross-sectional area of missile in 
square feet 


V = flight velocity feet per second 

"The instantancous weight is equa! to the weight of the missile, 
Wm , which is constant throughout the flight; plus the weight of 
the fuel, We , which is decreasing auring the flight at the rate of 


the fuel flow. 


W = Wim + Wr 
Wo = Wm + WE, (4) 


where the zero subscript Genütes the initi¿l condition. 


Then We + We 


Wo Wo 


айы | (5) 


8. 
“ubstituting equations {3) and (4) into equation (2) the following re- 


Pr, | ЕС 2) 36 c e - Co) 


3 dt We 
Wo (6) 


where (f po , density ratio 


Vo 


н 


initial flight velocity of the missile, feet per 
second 


۷ 


H" 


iligbt velocity at any time, feet per second 


sor initial conditions, starting at sea level 


= w Wf _ 
ps p w um ^! 


| d - + Ар Vo” I й (7) 
gs (HE) en) =: 


Let one parameter be € (non-dimensional) defined as: 
x 
E е a 
E We 3 bo Cr, - Ср, (8) 


Substituting (8) into (6) results in: 





r“) 
Т 5 = ee) We, we! (9) 
Wo Wo 


Specific ¿uei Consumption, Cy of most thermal jet engines is de- 
fined as the rate cf fuei consumption in pounds per second divided 


by the thrust in pounds: 





e low 
с; = ны ес. 


Tue! flow = rate of fuel consumption 


Р b 
r uel consumption to time t = 2 Ce E dt lbs 
o 


The instantaneous weight of the fuel is equa! to the initial weight of 


the fuel minus the fuel consumed. 
t 
Wp = W, - f cer dt 


a 3- 
W. - i poA v> f r (E) CeCe dt 


W = 
We Who Es AE 
Tyg E ee г (%) 





с 2 
A + لا‎ е | сесси) ае 
WwW, Wo Wo W, : Və 


Wm + wt. ev] 
Wo Wo by equation (4) 


o We, We _ | _ Б ГАН 
E Wo Я Wo | 5 cree e dt (10) 


t 2- 
where ef CeCe ان‎ dt is the fuel consumption of the mis- 
° sile per pound of initial weight. 


Eguation (9) then becomes 


E A e (ce - €») -(%)” 


4 at : (- € X y> dt (11) 
/ ocr olf) 











(10) 














but from assum.ption (5) the time rate of fuel consumption oí the 
ramjet is proportional to the net thrust and inversely proportional 


to the flight velocity. 


Fuel flow = < 2222 
and erc = / sec 
where K = a constant in ft/sec“ 
Cf Vo 
i. сұ = ra 


quation (11) becomes 


yy 

іш айм _ є (се - С) г ( zi 
а Ё ^ СЬСғ T 

д i7 e(ce o) Ez) 0 got 


(12) 


where С; is considered a mean value , constant with respect to 


time and velocity over a given flight. 


F. Parameters and Range of Parameters 
Cf. CF 
CF- Co 


which may also be described as iunctions of the initial force per 


Consider the two parameters € (Се -Cp) and 


unit weight to accelerate the missile and the initia! specific fuel 
consumption. These parameters must be varied through a range of 
values so that, when substituted into equation (12), they will give 
ramjet periormance comparabie to that which may be deveioped 

in the next decade. 


Substituting initial conditions into equation (12), i.e., 





(11) 
= 
6:1, (€) =] | dt=o it is seen taat for initia; zero acceleration, 
€ (ce- Ср) ={ . Therefore unity is the lower limit of this para- 
meter. To find the upper limit of this parameter proved to be a 
little more complicated and a few trial calculations were necessary 
in order to establish the values. Values of = were selected from 
e 


100 to 1100 since t = 1000 is approximately that of a V-2 rocket. 


Ramjet areas are much larger than comparable rockets and so 


72 


A = 100 was selected in the belief that the area was large enough 


to provide excessive thrust for the given weight. This proved to 
be the case as shown in Fig. 1. The € was calcuiated for different 


initial velocities as shown in the table below: 


€ FOR 





we ۷ 2 0 И = 4475 И = 2230 





Vo= $94 





100 9.5 е - = 

300 - vel 11.1 - 

500 - - 6.7 11.8 

700 = - 4.8 8,44 

900 | - - 527 5.56 

1100 - - 3.0 5.36 
where € = E pe ^ = 


Blanks in tne lower V, columns under the numbers 9.5 and 7.1 
show the area where € (ce -Co)z Í and therefore, the area where the 


&cceleration is zero or negative. Blanks before the numbers 7.1, 











(12) 
11,1, ац4 11.8 in the second third and fourth columns, respectively, 
show the area where the acceleration is expected to be too Figh 
for our arbitrary lirnit of 25 g's. The acceleration can be expected 
to be high where the Wo is low and where the 'A' is high which 
indicates excessive thrust for the initial weight, specifically, when 
this low initial weight is launched at high initial velocities. This 
proved to be the case when several trial ca:iculations were made 
with the above values of € substituted into equstion (12). Values 
of € - 12 gave tremendous accelerations and velocities, and so it 
was at this point that accelerations were arbitrarily limited to 
25 g's (sce Fig. l) and е(с-со) fell into a range of numbers which 


increased with the initial velocity as follows: 


Vo € (ce- €») 

894 1 to 2.5 
1230 1 to 4 
1790 to 6 
2230 1 to 8 


Cr, Ce 
To calculate the range of the parameter Сь-Ср 





the ramjet 
performance coefficients were estimated from Fig. ¿as follows: 
Cr ranges from 0.5 to 1.5 
Cp ranges from 0.1 to 0.4 
Cr-Cp ranges from 0.1 to 1.4 


ib]h lb/hr 
Cfo ranges from 1 ы tols 7% 


Ib] See Ib /see 
ог .0002 ıb to .065 m 














13. 
+ 
Cfo CF was first varied between 
Cf -Cp 
.0002 5.5 = oox x ^5 
j. 4 = ,0001 and 7 о.і 


and held constant for tne first set of curves (Figs. 3 to 6) at its 


‚ooll x bev _ 
سس‎ — = 


norma! operating value of ‚001 | However, it was 


lo - 22% 


Cfa CE 
CF -Cp 





found in trail calculations that as increased to 0.1 the 
acceleration of the normal missile increased by a factor of 20. 
This increase of acceleration is due to the fact that the fuel is now 
such a sizeable quantity as to aifect the decrease in weight very 
markedly and thercfore to increase the acceleration. This increase 
in acceleration is so tremendous, however, that it was thought 

Cr. СЕ 


more prudent to decrease the value of Z tO чаев of a 


rocket operation with high drag, i.e., Cf з .005, Се - 2.0, 





Cp =1.0 to give = .01 ав the top imit. Even this value 


СЕ-Ср 


gives accelerations up to 60 g's in some cases. 








14. 


IH. METHOD OF CALCULATION 


۱ The method of calculating equation (12) is a graphical 
step-by-step process which solves the equation for each one 
second interval using the result for the next secord solution. 

The equation may also be solved analytically, but the graphical 
solution lends itself better to the boundary conditions. ‘The 

first parameter is varied through its range of values for one set of 
calculations while tne second parameter is held constant at its 
normal value; and vice vers3, for the second set of calculations. 
Commencing with an assumed value of V. and varying values 

of the two parameters as noted above, the velocity ratio is found. 
The altitude is solved for by h, = h, + var at and the Ç is 


picked from an altitude table for each altitude. Ç and # are 





averaged with each preceding second and the product summed to 
t 

evaluate the integral fe 2 dt over each one second range. 
Be product of this integral and the two parameters gives the total 
fuel consumption per pound of missile initial weight. When the 
acceleration is found in feet per second square, it is multiplied 
by the time interval and added to the velocity for that second to 
give the velocity for the next second. This process is repeated 
until the acceleration is zero, and at this point maximun flight 


velocity is attained. To simplify the problem the altitude is 





started at zero, neglecting the altitude necessary to start the 





15. 
ramjet. Gravity is also considered a constant throughout the prob- 
lem. 


bigs. 3 to 6 show the first set of calculations with €(¢r-Co) 


CLOG 
varying and FEA held constant. These curves are plotted 


for flight velocity and fue! consumption per pound of initis! weight 


versus time after launching the ramjet. €(te -Cp) is varied be- 


Cf. Се 


tween 1.5 and 8 and Cc is constant at the normal value of .001 





for these sets of curves. Zach Fig. represents the different initial 
velocities of 894, 1230, 1790, 2230 feet per second which corres- 
pond respectively to Mach numbers 0.8, 1.2, 1.6, and 2.0 at sea 
level. Lig. 7 shows the aititudes attained by the missile flights 
represented in Fig. 3 to 6 and Fig. 8 shows the optimum altitudes 
of these flights plotted against the parameter Е(се- Сг) 


Figs. 9 to 12 show the second set of calculations with the 





Cfo CE 
parameter C.-C; varying between .0001 and .01 and with €(ce -c») 
constant for each Vo . € (Ce ~Co) ; however, cannot be taken ás 


the same constant throughout this set of calculations due to its de- 
pendence on V. . Therefore, E(ce-G>) is taken as 2, 4, 6, 8 for 
each initial velocity of 894, 1230, 1790, and 2230 feet per second, 
respectively. Altitude versus time is shown in fig. 13 while rdg. 
14 shows an approximation of the amount of fuel necessary to 


reach & given altitude with the ramjet missile defined by the 





parameter €(cc - €») and using the normal values of = .001. 


Ef, 
CF-Co 








15: 
Dig. 15 shows the effect of the different launching velocities on two 
e : ; 4 Wo 
configurations of ramjet missiles defined by A = 500 and 1000. 
‚nese (igs. are discussed in section IV. 
-\ nurnerical procedure of the calculations may be repre- 
sented as follows: 


Ch Cr 
Given values of Vo , €(ce CH), GC, and r (h) : 





Divide the time scale into intervals such as: 


, 
or 


o at zat ЗАС q aT 


, 4 


Tor ot$( Z AC or the first step, equation (12) is 


EX € (ce- c9) Г (.) 
АС ^ m. 


or 


AV, = 4 | Є(є-ө)-1 | АС 


Then tke velocity of the missile at time equal %, is: Io + AV, 
The altitude at this time is h,= he + (№ + $ АИ] АС 


"Ог the second step compute 


с 
a), (222), c 





Vo ما‎ + ۰ 
and Y + Vo then substitute again 
2 into equation (12): 
/ T 
АД €(ce-Cp) c(h.) ( Ve 


4 в Е с) САСЕ [u(ho) +0a(h:) At S 
d ۱ € (Ce Co) со pis X NES S С at 





ir. 


Ve + A! - 21) 


ur‏ )ای 
O EE n Ea] Be‏ 1 


AV, > 





ihe velocity of the missile at time ti is V,+AaV, + 4V2 
Altitude at this time is h,- ho * (Vv 3av)at «(v.c Av. « $ av.) at 


In general for the - e step, equation (12) is: 


0 
۵۷۰ _ => os МЕ 3 = z? 


|- 6 -ع6)‎ Ms = Ei“ £ Чы «бы | AC 
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igs. 3 to 6 show the flight velogity and fuel consu: ption per 
pound of initial weight plotted versus intervals of time aíter l&unca- 


ing the ramjet missile. This group of curves is plotted using the 
CeCe 
Ce-Cp 


curves in this group have the same general features. They resembie 





normal valve of the parameter = .001. Ail of the velocity 
ап "5" shape which shows the efíect of increasing and dekreasing 
velocity, i.e., their slope is the acceleration of the ramjet missile. 
The acceleration increases to a maximum, and then decreases as 
the missile ascends. at zero acceleration maximum velocity is 
reached and the ramjet is discarded. This point shall be calied 
optimum altitude. Acceleration increases tnitially if the parameter 
€ (c - Co) >| , and it continues to increase because the fuel being 
used up decreases the weight of the missile. However, the density 
ratio has the limiting effect on the — as seen by ecustion 
(12) wnich is: 

dv Ñ _ Ele) u) _ -Cp) s -| | 

1 | үе “тавс- { 

Wo 


5 


Za low altitudes € is very close to unity and therefore does not 
counter the rapid increase in the VW/ term. Athigher altitudes, 
particularly over 50,000 feet where C « .153, C yradually reduces 


B | ; 
80) until tie acceleration ie negative. 





Ow initial weiglts correspond to high values of tne parameter 
е (се - Cp) : therefore, tnc missile with the higher € (Cr - (و)‎ , at the 
sujce Vo, wili have the higher У нех and higher optimum altitude. 
¿ €(Cf-Cp) is too high ior the specific launcting velocity at which 
it is used, excessive acceleration above the 25g limit will result. 

y 
Tue reduction of ramjet cross-sectional area for the same initial 
. ` . . ` ` e Wo . 

weig't missile, i.e., the increase of the x ratio, will reduce the 


rmiaximura velocity and optimum altitude, or require a higher booster 


velocity ior the same maximum velocity and optimum altitude. л 


wig. 3 the w = 350 curve shows . V pax = #700 ft/sec. If Wis 
increased to 475. V is reduced to 1400 ft/sec. This is ata 


max 


launching velocity of 894 ft/sec. If this launching velocity is in- 
w. É 
creased to 1230 ft/sec as on Jig. 4 the same 2 = 350 shows a 


Vinax increased to 10,000 ft/sec. In general, the effect of an ia- 


crease in Vo increases the V b and optimum altitude to the same 


ax 
£ Wo з ۰ u. ч 
magnitude for the same я missile. However, in Figs. 3 to 6 the 
allowabie values of as well as the range of values, which keep 
the accelerations in practical limits, increase as Vo increases. 
‘he fuel consumption curves of “igs. 3 to 6 show an in- 

crease in tue rate of fuel used as velocity and altitude are increased 
up to a point and then as maximum velocity is approached, the rate 


of fuel consumption shows a marked decrease. This is due to the 


factor in the denominator of equation (12) which factor is: 
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Cho Cr Y 
[ € (Cr- C») СТ, / Гу dt 























and which reduces to 


l- Z Y (ee e (^ut 
o 


where E f° А [с 6۷*2 is the fuel consumption to time t. It 
is apparent, then, that for a given missile the fuel consurnption 
varies with the altitude, the flight velocity, and the density ratio, FT. 
while © is close to unity, at low altitude, the increase of velocity 
and altitude increases the fuel consumption. Fiowever, at higher 
I altitudes, as © decreases, decreasing density counteracts tre 
effect cf increasing velocity and altitude to rapidiy decrease the 
rate ci fue! consurnption. 

the results of Figs. 3 to 6 are cross plotted in .ig. 14 to 
show the optimum aititude reached for any configuration as de- 
pendiog on total fuel consumption per pound of initial weight and 
the parameter 6 -Cp) . Consequently, 14. 14 may be useu to 
give a quick approximation of the total fuel necessary for any con- 
figuration to reach & desired optimum altitude. For any given 
Optimum altitude it can be seen that the total fuel consumption per 
| Pound increases with e (c= Cp) . 
liy. Y zuows the optimum altitudes attainec for the missile 


nights corresponding to Figs. 3 іо06. гір. 8 18 a cross plot of 


fig. 7 wud SLows the Gependence of optimucn altitude on initial vel- 
Gcity and € (Cr-Cp). The curves of tig. 8 are loci of optimum alti- 
tace points attained for different configurations and launching vel- 
ocities of rarnjet missiles. vig. & points the way for future re- 
search upon the ramjet missile in vertical flight. It shows that 
the greatest performance in optimum altitude will not be developed 
by increasing the initial launching velocity but will be attained by 
improved configurations, i.e. improved Cr, Cp and A launched 

ot lower initial velocities. For instance, €(r-Co) varies directly 

as the cross-sectional агеа of the missile; therefore, for the same 
incre2se in area, i.g., increase in E(cr -Cp) , the optimum altitude 
will increase four times the value for a missile launched at 894 
it/sec as for one launched at 2230 ft/sec. 


“128. 9 to 12 show the calculations similar to those of Figs. 


Cf. CF 
СЕ-Ср 





3 to 6 with the exception that the pararneter is varied 
throwin its range of values and e(ce-Co) is held constant for each 
value cf Vo . ^aa result, the general shape and appearance of 


the cllrves із ізс same as in sigs. 3to 6. Velocities, accelera- 


tions, and altitudes show an increase in magnitude, however, for 


or G 
values c£ ce Ce 2 .001 while for values cf SALE . 001 the decrease 
Се-Ср СЕ-С, 


in these neriormäances are negligible. These variations are due to 


a ©) . . ` ЕС. 
the term |l- = in the denominator of equation (12). The l- I 
е = 5) Cfa CF 
veries fron: 1.09 to .900 in normal operation, —  = .001, and 


СЕ-Ср 








24. 
thoreicie influences the acceleration only slightiy. L tie specific 


% 


fuel consumption is increased as shown in Jigs. 9 through i2 the 
ТЕС. . - ۱ ^ Ф 
(actor |- Зу wili vary from i.00 to .33, This factor, of course, 
° 
increases tiie acceleration tremendously. rhysically tiis means 
si nply that the large fuel consumption has reduced the missile 
weight (Гог a given initial weight) appreciably by the time tie high 


ғ ۲ 


acceleration pericd is reached. 


* 


Since more fuo. must be carried, 
for this casa, the payload of the missile will be decreased. 

sig. 12, for instance, shows the previous variations when 
fuel consumption is increased or decreased Ly a factor of ten from 

Ce. Ce 

the normal operating value of ee” .091 fcr the same missile of 
à weizhi-ares& ratio equal to 550 lbs /£t%. Тһе altitude- velocity 
performaner ofthe missile using increased fuel is one half again 
as greatas the normal performance, but the payload is one half 
lese that: the nermal performance. “n the other hand, the per- 
formrance of the missile using less than normal fue! is approximately 
equal to normal perforrnance while the payload is increased abeut 6%, . 


This clearly shows the necessity of low fuel consumption from an 


economicai standpoint. “<ficiency and economy will suffer greatly 


СЕЕ. : I T wp "4 
if Сс, is allowed to increase much above .09: aithougl a de- 
F-Cp 


crease in this narameter does not substantially improve taese per- 


sorrlances. 


























fhe specific examples of this problem, divided into three 
Becticns, are used tc compare the ramjet missile with the two- 
step rocket and to obtain a preliminary approximation of the in- 
creased efficiency in fuel consumption. The first example shows 
the method of obtaining ramjet performance for an assumed mis- 
sile configuration. The second exampie is a comparison between 
the ramjet missile and a comparable two-step rocket on the basis 
| of fuel consumption for the total flight. It is assumed that the two 
missiles are comparable if each has the same maximum velocity 
and altitude at the end of the first step. It is further assumed that 
tue rocket carried by the rarmjet will be used as a ducted rocket 
to boost the ramjet and this fuel is charged against the ramjet. 
It is found in this example that the ramjet missile uses only one- 
third of the fuel used by a two-step rocket and thus the payload 
ratio of the ramjet missile is tripled compared to the two-step 
rocket. The third example is a comparison between the same type 
of missiles for an equal amount of fuel consumed. It is found that 
for the same fuel consumed the ramjet missile shows a 657/ 5 


gain in aititude. 


A. Performance for an assumed rarajet missile 


Given a ramjet missile of the following configuration: 








24. 


iamjet structural weight -.-------- 2400 los 
Ramjet fuel weight----------- ----- 800 lbs 
Aocket structural weight------ -----3200 1$ 


Socket fuel weight-----------.------2000 lbs 


Total initial weight, 8400 lbs 


Cross-sectional area of missile is 10 sq. ft. 


Assumed coefficients are: 


Cf = 10 25-005 275 
Со = ‚25 


Cr = “kro x гоол Ibfse 
2 /6 


To find the maximum velocity, fuel consumption, altitude 
of maximum velocity, and duration of powered flight of the above 


described ramjet missile, the following calculations are made: 





Calculate: -y 
Saa. (AS оо 
Сғ-Ср ^o- -25 
776 
Wo = Жоо = go fr = 
A jo 


inter Sig. 2 with e = 840, pick otf highest efr- Cp) for 


best performance. Enter vig. 5 for €(ce-Cp)= 3.25 
Vo E7470 Pese. 


then: es; = 3600 thee р = 70 ‚ово +. % = 20 мс. 


TEC E c uas. (EM 


= O 
Wo 7 


or 
zig. 6 (= 2230 бус, 


for 6 (Сє-Сь) = 5:25 p 
Vmar = 5000 lec h = Зо, ово ft. ۲.۲.6۰ + 





В. Performance Comparison with Two Step 4 
Agsume such a configuration as a W-Z rocket mounted 
on a super-rocket. This is corapared with a ran:iet bcosted rocket 
on the basis of fuel consumption for the initial step for the same 
maximum velocity and altitude for the initial step. rom rig. 2 


pick a we and E€(cr-Cp) which will give good performance; say, 


Wo 


= = 6335, e(-G) = 7. This gives a launching velocity of 2230 


ft/sec. Entering Fig. 6 the performance of the ramjet missile is 


obtained: 
= 0 б 


Мах 
h= /о0,оо £f 


E 
— =Z = $2 ۰ 
Wo .0%6 te 20 c 


Assuming that the cross-sectional area of the ramjet is four times 
that of the V-2 rocket, it follows that 
Wo = 635 x 96 = 61,000 lbs. 
ТЕС. = 5250 lbs 

Booster fuel necessary to obtain 2239 ft/sec on the ramjet 
missile may be calculated as follows: 

The maes ratio required during boosting operation, using 
the formula for short burning time, is: 


initial mass 22 
RE -, о 
final mass 








ТО, 
where Y, = toostea velocity, os initial velocity 
of the ramjet 
C = exhaust velocity oť the booster rocket 

Since it ia pianned to operate the rocket aa a ducted rocket 
for this boost operation) C wili be taken as 6380 ít/sec, the ex- 
haust velocity of the V-2. 

The final weight is 61,000 lbs and the final weight pius the 


booster fuel weight is equal to the initial weight. 


Therefore: W 2230 
В.Р. 6880 _ 
| + ос.“ е = 1,383 


War = 14,300 Ibs. 


Totai weight of fuel consumed for this flight is: Booster 14,300 lbs 
Ramjet 5,250 lbs 
Nocket 19,000 lbs 
33,500 lbs 
Calculation for the fuel required for a two-step rocket, super plus 
V-2, which will meet the same períorinance as the ramjet missile 
is as follows: 
Tne super rocket must attain 100,000 fect at a burn out vel- 
ocity of 7100 ft/sec, the samne as the ramjet in order to compare 
fuel consumption. The mass ratio required formala, although an 


expression used for flights of short burning time, may be used 








ет. 


here for expedionce. This expression. fevers the roexet in tris 







comparison since the assumption on longer vurning time will cena 


an increase of the mass ratio. 


Mo e x< 
Therefore: M B 
f 
where Me = initial mass 


Мұ = йла! mass = М - Мр 
Мр = mass of гор ۸ 
V 2 71)0 ft/sec, vers city 


require: at burnsut 


N 
Ч 


GREN it/sec, ex aust 
velocity oč ` -2 is used 
4 = loeūing (actor, M p/ Mo 


. 2100 


ls Y = е Ше = 6.357 


q = 0.643 
d the mass of the first step: 
(see Ref. (2), DE. 253) 
-N 
Mo = Á М, 
shore Ac way O40 ratio 
N 
Mg 
M, 


no. o! steps = 2 


н 


" 


payloäd ef dad step 


ross WI Ist sten 





4З. 


0-4) (1-6) 


p 
б 
а. 
ос 
" 


where € is a structural factor and 
the lowest value yet ecuieved is .24 


. . € = ‚24 


, 2 Бұла Vz 
E A, 3 К, z 17 — 


Gross Wt. V-2 


where the payload of the V-2 = 28,000 x .155 = 4340 lbs. 


Then Wo = a 4340 = /80 , 000 (bs. 


and Wp = weight of propellant = .643 x 180,000 = 116,006 lbs. 
fox ist step 


Total fuel used for this flight is: super rocket = 116,000 


Vege 19,009 
135 ,000 lbs. 
Fuel used by ramjet missile _ 33,550 = 0.286 





ruel used by two-step rocxet 135,000 


It is assumed in this problem that the ramjet will carry a 
rocket of 33,300 ibs. fuel capacity, 14,300 lbs. to be used for tue 
booster operation and 19,000 lbs to be used in the third staye oper- 
ation. The third stage operation of the ramjet missile and the 
second stage of the two-step rocxet (V-2 stage) are assumed to be 


of equal performance. 
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Altitude attained by each of these missiles is computed by 


equation 104 in ref. (2): 
> 2 Го ис V, Ç 
h = AL 9] + ]چاه‎ (۰ n + he en In l 


where 
Cp =o 


4 С Э: 
C= (880 fr ee. 
бас 70 He. 


P 
V. = 7100 429 


р, = 100,000 ff. 


Substituting these values into this equation altitude is obtained as: 
hz 3,395,000 feet = 644 miies 
Thus for the same altitude the ramjet missile uses only 
one-third of the fuel used by a two step rocket. 
Payload ratio of these two missiles may also be compared. 


Payload ratio, Á , inày be defined as follows: 


Á . weight of »ayioad 
gross weight of that step 


cr 


. weight oí ¿nd step missile 
initial weight at sea levei 


In a multi-atep rocket the payload ratio is usually equal for 
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aii steps. This will not be true itf 3 ravijet is used for cne step 
since a rarnjet will deliver more weight of the next step than a 
comparable rocket due to better fuel consumption. 


The payload ratio of the super rocket and V-2 rocket is 


۸ „weight of V-2 rocket _ 28,000 _ 155 


initial weight - 180,000 


and the ramjet missile payload ratio is 


Е weight of rocket - booster fuel 49,000 - 14,300 | 460 
ü + bcoster fuel  G1,060 + 14,300 ` ` 


where 49,000 lbs. is the estimated gross weight of a rocket 


which carries 33,300 lbs. of fuel. 


Thus the payioad ratio of a ramiet missile is increased by 


a factor of three over a two-step rocket payload ratio. 


C. Altitude comparison to a two-step rocket with equal fuel 
consumption. 
From 01. (2) рр. 265 two-step rocket performance is listed 


as follows: 


Wo = 9800 lbs, initial weight 

Ч = .457 propellant mass ratio 

Wo = 4430 lbs, initial weight of propeilant 
Cp = 37 sec. burning time of each step 
Є ¡2633 structural factor 





ч 31. 


A 2.318 payload ratio 
C 212,500 ft/sec, exhaust velocity 


rom 


у ей [60-0 +А |] - 4“ 


h= cte [i E In [(و-)‎ - 


the veiocity and altitude at end of burning of the first step 


are calculated: 2 


a 


t 
v = 6440 ft/sec h = 105,590 ieet 


The altitude at the top of the trajectory is from eg. 104: 


р = 5 | 80-47 | 2 ct, [ezo 271 


X “2554, (-4) 


$ д 


where Cp =0 


2 = „457 Cp = 37 sec. 
с = 12,500 ft/sec K = 6440 ft/sec 
k. = 105,500 feet 


h = 3,016,000 feet = 570 ۰ 
Substitute a ramjet that buras 4440 lbs of fuel (including booster 
fuel) for the first ste» rocket. 
Selecting €(Ce- Co) = 4 and Ú, = 1230 ft/sec. 
arbitrarily, ig. 3 gives V ay = 10,600 ft/sec. at 125,000 feet 


TEE: 
and o = ‚089 
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Fooster fuel for 1230 ft/sec is obtained by: 





1230 
| + тэл E S - q. 
o 


ag We = free - Wa F. 


Solving simultaneously for W3 £ and W. , one obtains 
Wo = 15,700 lbs 
War, = 3,080 lbs 


Ramjet fuel = 1400 lbs 


The altitude at the top of the second-step trajectory, using the 


same second-step rocket is: 
= £ ur -” + ct, [1 һе0 )- و‎ ( | 


k A. п Са 


| where Cp Ü tp = 37 sec 


9 = .457 Vo = 10,600 ft/sec 


H 


С < 12,500 ft/sec h, = 126,000 €t 
$ = 4, 963,000 ft = 943 miles. 
Vhus for the same fue: consumpticn the ramjet missile 


shows a 65%) gain in altitude. 








a 
Vi. SUMIAAS 7 EE СО! 
| Е Cfo CE 
1. With normal specific fuel consumption, i.@., C = .001 
- Cp 
the performance of a ramjet powered missile in vertical flight 
is limited by loss of thrust with increase of altitude. The re- 
duction of weight resulting from tae fuel consumed is not suf- 
| ficient to cumpensate for the decrease of thrust. This decrease 


of thrust is directly proportional to the air density ratio, 0 ; 
and this factor, then, has the most pronounced efiect on iim- 
iting the vertical flight cí the ramjet missile. 

2. The reduction of ramjet cross-sectional area for the same 
initial weight missile; i.e., the increase of the = ratio, will 
reduce the maximum velocity and optirnum altitude, cr require 
a higher booster velocity for the same maximum velocity and 
altitude. 

3. Maximura velocity and cptimum artitude for a speciíic config- 
uration oí rnissile increase in tre same order as the increase 
of launching velocity. 

4. Ramjet improvements in performance, i.e., Ce and Cp, show 
more effect in increasing the optimum altitude when the missile 
is launched at low initial velocities than if it is launcced at high 
initial veiocities. 

5. The greatest increase oí optinium altitude reached by a ramjet 


missile will be achieved by increasing the ramjet cross-sectional 








34. 
area so as tuo iaunch the inissile at lover initial velocities. 
An increase in specific fuel consumption oí ten times that of 
normal operation will give an increase in acceleration of the 
same order since weight is reduced quicker by burning the 
fuel faster. The payioad is reduced 1.0%. however, since 
the extra fuel will replace payload. Іп the game manner a 
decreesc of one terth in fuel consumption as compared with 
normal operation will only slightly influence the acceleration 
and will also allow B. more payload to be carried in place 
of the fuel saved. 
For the same altitude and velocity the ramjet missile uses 
only one-third the fuel used by a two-step rocket. Payload 
ratios for this case is tripied for the ramjet missile. These 
calculations use assumptions favoring the rocket. 
¿or the same fuel consumed the remjet missile shows a 65%, 


increase in altitude over a two-step rocket. 
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Weight Area Wati vs. Imiti21 Velocity 





E و‎ 30119 x .75 722 _ 00089 %,2 
у € (Cr - Ср) E (Cr -Co) 


we for values of e (cr - Cp) 


2 





Vo I 2 3 4 5 А 7 8 
.64 x 106 | 570 285 196 142 на ж 41 Ч 
1х109 | 890 445 257 222 174 149 127 111 
.44 х 100 | 1250 540 427 320 254 213 183 160 
.96 x 109. | 1725 862 575 431 345 287 246 215 
56 x 10% [2289 1149 700 57 456 380 325 5 
224 х 109 | 2880 1440 92? 72) 378 463 411 60 
4 x10“ |3560 1780 1157 540 712 593 508 845 


.84 х 109 |4320 2150 1433 1075 468 716 614 537 


.76 x 166 |5120 2569 1797 1230 1024 253 731 84 


87. 





. 
ЕТІ 
EAI € EARLECULATION €: ES! «T " 6. 
| E (Cr -Cp) = 7 Yo = 2230 алсан . 001 
CF -Cp 
и vy Y T.FC. dy 
_ + (11). . Ч“ . < ¢ 





33. 


18 7104 3.19 10.17 3.18 88929 .018 . 023 . 0358 13 
19 1117 -3.19 10,17 3.19 96039 .015 .017 .0301 5 
20 7122 3.19 10.17 3.19 103159 O12 .014 .0864 -2 
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с Y. 
where Je Е dt = АС а Uk Va) av 
0 


dy _ _€Elcr-Co) C) сй)" 2 
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